The infectivity of herpes simplex virus, type 1, strain ANG progeny DNA from standard virus infections and of progeny DNA from infections involving defectiveinterfering virus particles (DI DNA) was compared in transfection assays. No difference in infectivity of virus DNA isolated either from infected cells or from progeny virus was found for a given type of infection. However, the values for the two types of infection differed markedly, with DI progeny DNA being less infectious by more than 2 log10. The low infectivity was mainly due to the presence of interfering DNA molecules in DI progeny DNA, regardless of whether intracellular DNA or DNA extracted from mature virions was analysed. The interfering capacity of DI progeny DNA did not depend on the integrity of the genomes. The physical proximity provided by simultaneous precipitation of infectious and of interfering DNA is an important factor influencing the degree to which DI DNA interferes. Interference by DI DNA in the transfection assay can be partly reversed by the addition of XbaI fragments of standard DNA; in control experiments this fragmented DNA was shown to lead to a reduction rather than to an enhancement of the infectivity of standard virus DNA.
INTRODUCTION
Certain types of non-infectious herpes simplex virus (HSV) particles may reduce the formation of progeny virus. Such virus particles, commonly referred to as defective-interfering (DI) particles, arise in serial high-multiplicity passages. DI particles have been reported to contain a defective genome of low complexity, built up from repeats of restricted regions of the standard (ST) genome. However, a contribution to interference by other types of defective genomes similar in complexity to ST genomes cannot be excluded (for review, see Frenkel, 1981) . The mechanism by which DI particles interfere with the replication of infectious progeny virus has so far not been elucidated. A number of possibilities, which are not necessarily mutually exclusive, have been considered. There might be production of an aberrant transacting protein encoded by the defective genome, or the overproduction of a regulatory active protein that alters the infectious cycle of HSV replication [which is known to involve three alternating waves of transcription and translation (Honess & Roizman, 1974) ], or competition between cis-acting DNA sequences within DI genomes and such sequences within ST genomes for the replicative or transcriptional proteins, or finally direct interaction between DI genomes and infectious genomes via a recombination-like process.
The analysis of virus DNA obtained in serial passages at high multiplicity of infection (m.o.i.) for its infectivity and its possible interfering capacity in a transfection assay was prompted by the observation that the reduction in the yield of infectious progeny virus caused by DI particles is usually reflected both in a decreased encapsidation of virus DNA and in a reduced specific infectivity of virus particles (Frenkel, 1981) . Since the observed reduction in particle infectivity could be explained only in part by the presence within mature virions of defective virus DNA of the reiterated type, the existence of non-infectious virus DNA molecules that represent modified standard virus molecules has been suggested (Ben-Porat & Kaplan, 1975 Frenkel, 1981) . For example, a variety of molecules with deletions and/or substitutions could arise as a consequence of recombination between standard virus DNA and reiterative defective DNA. It is possible that defective virus genomes of this high complexity may contribute to interference by the concomitant reduction of the number of infectious genomes, as well as by the formation of molecules leading to interference via regulatory active proteins.
METHODS

Cells.
African green monkey kidney cells, RC-37 (Italdiagnostic Products, Rome, Italy), and BSC-I cells (American Type Culture Collection) were routinely grown either in glass bottles or in plastic Petri dishes in a humidified 5 ~ CO2 incubator. The basal medium of Eagle (1955) , containing a twofold standard concentration of amino acids and 7~ (v/v) foetal bovine serum, and the same medium but containing non-essential amino acids served as the growth media for RC-37 and BSC-1 cells respectively. For maintenance, RC-37 cells were split 1 : 7 each week and BSC-1 cells 1:4 each week.
Viruses. A DNA plaque-purified HSV-1 stock of strain ANG (Schr6der et al., 1975/76 ) that had been passaged three times at low m.o.i. (0.01) on RC-37 cells served as ST virus. A virus that had been passaged four times at high m.o.i, as previously described served as virus stock containing DI particles (Schr6der et al., 1975/76) . The proportion of interfering virus particles in this virus stock, HP4, was found to be 10 per infectious particle. HSV-I WAL (Schroder et al., 1981) , a syn ÷ strain in contrast to HSV-1 ANG which is syn, served as a second ST virus. Plaque-forming virus was titrated by the carboxymethylcellulose overlay technique (Russell, 1962) .
Preparation of virus DNA. RC-37 cells, 1.5 x 107 cells per 145 mm dish, were infected as indicated below.
[3H]-thymidine, 1 ~tCi/ml, was added to Medium 199 (Morgan et al., 1950) , which was used for the development of progeny virus. The cells were washed 24 h after infection with phosphate-buffered saline (PBS) and subsequently lysed by the addition to each dish of 20 ml 0.01 M-Tris-HC1 pH 7.5, 0.1 M-NaC1; 5 x 10 -~ M-EDTA and 1~ Sarkosyl. The lysate was incubated with 300 Ixg Pronase/ml overnight at room temperature. Finally, virus progeny DNA was purified by two cycles of banding in CsC1 equilibrium density gradients, after addition of solid CsCI directly to the lysate (1.71 g/ml). The preparation of virus DNA from enveloped virus particles (Schr6der et al., 1975/76 ) also involved banding in CsC1 gradients. Fractions containing virus DNA were stored, with CsCI still present, at 4 °C. DNA concentrations were determined by absorbance measurements.
Transfection assay. Both total intracellular DNA prepared from infected cells (Graham et al., 1973) and purified virus DNA were analysed for their infectivity by the calcium phosphate technique essentially as described by Graham et al. (1973) , but the cells were transfected in suspension. Specifically, BSC-1 cells, at 5 to 7 days after subcultivation, were trypsinized and suspended in HEPES buffer. Aliquots of 2 x 106 cells were pelleted, resuspended with 1 ml of the individual DNA-calcium phosphate precipitates and shaken for 45 min at 37 °C. Subsequently, 5 x 106 BSC-1 cells, trypsinized and suspended in 20 ml basal Eagle's medium supplemented with 1 ~ (w/v) carboxymethylcellulose and 5~ (v/v) foetal bovine serum, were added. The resulting mixture of transfected BSC-1 cells and BSC-1 indicator cells was seeded into four 60 mm Petri dishes. Plaques were counted after 3 to 4 days at 37 °C. A linear relationship was obtained between the amount of standard virus DNA added and the number of plaques from 0.001 to 0.5 ~tg DNA. The proportion of virus DNA in total intracellular DNA was determined in preparative CsCI gradients. Purified virus DNA was assayed for its biological activity in transfections either following dialysis against 0.1 x SSC or directly, with CsCI present; up to 0.1 M-CsC1 in the DNAcalcium phosphate precipitate did not significantly affect plaque formation. Infectivities determined for ST virus DNA varied considerably and ranged from 200 to 30000 p.f.u./ixg.
RESULTS
Infectivity of virus DNA synthesized upon infection under interfering conditions
Cell cultures (1.5 × 107 RC-37 cells per 145 mm Petri dish) were infected with ST HSV-1 ANG and, 1 h later, with a virus that had been passaged four times at the high m.o.i, of 10 (HP4 virus). Infections were carried out at an m.o.i, of 2. A comparison of the yield of infectious progeny virus (1 × 107 p.f.u./ml) to that of cultures infected with ST virus alone (1-5 x 108 p.f.u./ml) indicates the presence of interfering virus particles in the HP4 virus stock. The fact that consecutive infection with standard virus followed by HP4 resulted in interference characterizes this type of interference as homologous intracellular interference (Huang & Baltimore, 1977) , i.e. an intracellular process rather than competition for receptor sites.
In both infections, approximately equal amounts of intracellular virus progeny DNA could be extracted from the infected cells 24 h after infection (3 I.tg/1 x 106 cells). In addition, virus DNA was isolated from mature virus particles that had been released into the media. In Fig. 1 Interfering DNA in HSV transfection The specific infectivity of ST and of DI D N A was analysed in transfection assays. No major difference in the infectivity of virus D N A isolated either from infected cells or from progeny virus was found for either type of infection. However, when the infectivity values for one type of infection were compared to those for the second infection type, a difference of more than 2 log lo was obtained (Table 1) . These results show that there was no preferential encapsidation of infectious types of virus D N A molecules from the intracellular virus D N A pool. It should be kept in mind that only 10% or less of the virus D N A formed upon HSV-1 infection becomes integrated into virions.
Interfering capacity of DI DNA in transfection assays
The results shown in Table 1 can be explained in either of two ways. The low infectivity of DI D N A could be due to a lower number of infectious D N A molecules or to the presence of genomes interfering with plaque formation by potentially infectious molecules. It is possible to distinguish between these two possibilities by co-transfection of cells with ST DNA and DI DNA. As standard DNA, we chose a preparation derived from cells infected with HSV-1 WAL, since the plaque morphologies produced by the HSV-1 strains ANG (syn) and WAL (syn +) are distinct.
The results of co-transfections using equal amounts of ST WAL DNA and of DI ANG DNA shown in Table 2 indicate the presence of DNA molecules in the DI DNA preparations that interfere with plaque formation by infectious ST DNA. The observed inhibition of plaque formation was not an effect of a retardation in plaque growth. Even after prolonged incubation (7 days) of cells co-transfected with ST and DI DNA, no significant increase in the number of plaques was obtained. The sizes of plaques in co-transfections were more heterogeneous than in transfections with ST DNA alone.
The presence of interfering DNA molecules in DI DNA suggests that the low infectivity determined for DI DNA itself is due to self-interference. That self-interference was, at least in part, actually responsible for the low infectivity is indicated by an increase in the number of syn plaques (i.e. plaques induced by infectious genomes present in DI ANG DNA preparations) in co-transfections as compared to transfections with DI ANG DNA alone ( Table 2) .
The degree to which DI progeny DNA interfered with plaque formation remained the same regardless of whether total intracellular DNA from infected cells or intracellular virus DNA or virus DNA isolated from progeny virus was used (Table 2) . Apparently, interfering DNA is transferred into mature progeny virus particles in a ratio similar to that in intracellular virus DNA.
Quantification of the interfering capacity of DI DNA and interference by fragmented virus DNA
In order to determine the interfering capacity of DI progeny DNA, purified samples were mixed with infectious standard DNA in various ratios (1 : 10 to 8 : 10), precipitated, and used for transfections of BSC-1 cells. Even at a ratio of DI D NA :standard DNA of 1 : 10, a reduction in plaque formation to less than one-half of the control could be demonstrated (Fig. 2) . Assuming a comparable efficiency of uptake for infectious and interfering DNA molecules, the results of the co-transfection experiment could be explained by an excess of interfering over infectious molecules.
A co-transfection experiment was carried out with virus ST or DI DNA randomly sheared to fragment sizes ofmol, wt. 1 x 107 to 3 x 107, to show the interfering capacity to be an intrinsic quality of DI DNA. The data (Table 3) show that sheared ST DNA did not interfere whereas sheared DI DNA interfered efficiently with plaque formation by unsheared ST DNA. t Mean of two independent transfections. The absolute number of plaques in transfections with ST DNA alone, taken as 100~o, was 7200 and 2530 per lag.
:~ The DNA was sheared by passing through a needle (22 gauge). The molecular weight of the majority of DNA fragments ranged from 1 x 107 to 3 x 107. We conclude that the interfering capacity of DI DNA is characteristic of, and a specific property of, this DNA and that interference does not require the interfering molecule to be of HSV unit length.
Recombination as a possible mechanism for the interference exerted by DI DNA
In an attempt to differentiate between the possibilities that interference was mediated by a trans-acting gene product of the DI genome and that alternatively there was a direct interaction between DI genomes and infectious ST genomes, the conditions for the co-transfection experiments were varied. The probability that two DNA molecules undergo recombination during the process of transfection of a cell by a DNA precipitate can be assumed to depend on the mode of precipitation. Consequently, we compared, in co-transfection experiments, the induction of plaque formation by a co-precipitate of a mixture of ST and DI DNA to that of a mixture of a precipitate of ST DNA with independently precipitated DI DNA. In contrast to the results of the conventional protocol of co-transfection, transfection with separate precipitates led only to a very limited degree of interference (Table 4) . These data are consistent with the hypothesis that the co-precipitation of infectious ST with DI progeny DNA facilitated a recombination-like process that led to the inactivation of infectious genomes, but other mechanisms of interference are not excluded.
If the recombination concept indeed applies as a mechanism of interference, then noninfectious virus DNA of low interfering capacity would be expected to counteract the effect of highly interfering DI progeny DNA. In order to test this prediction, we added approximately equimolar amounts of standard virus DNA rendered non-infectious by digestion with the restriction endonuclease XbaI to a mixture of infectious ST DNA and DI progeny DNA. The molar ratio (4 : 1) of the two uncleaved DNA preparations was chosen on the basis of the results shown in Fig. 2 .
Although the fragmented ST DNA by itself interferes to a small extent with plaque formation in co-transfection with standard DNA, in co-transfection with ST and DI DNA it doubled the number of expected plaques (Table 5) , indicating a direct reversal of the interference caused by DI DNA. The increase in plaque formation appeared to be independent of the absolute numbers of plaques that were obtained in individual transfection assays. Using a higher proportion of XbaI fragments did not further improve the plaque yield. This was conceivably due to interference by XbaI fragments, as implied by the results of control experiments where an excess of XbaI fragments were mixed with ST DNA (Table 5 , values in parentheses).
DISCUSSION
Homologous virus interference with HSV-I ANG in RC-37 cells has been previously shown (Stegmann et al., 1978) to be in part reflected in a reduced packaging of virus progeny DNA into mature progeny virus while the total amount of progeny DNA synthesized is not significantly affected. In the study presented here, it is shown that progeny DNA made in cells infected by interfering virus exhibited a lower infectivity than ST progeny DNA. It is shown that this low infectivity DNA, DI DNA, becomes encapsidated (Table 1) . DI DNA contains virus DNA molecules which interfere with plaque formation by potentially infectious genomes. Its low infectivity is at least partly due to self-interference. This can be deduced from co-transfections using HSV-1 ANG DI DNA and ST HSV-1 WAL DNA, where the numbers of syncytial (ANG) and non-syncytial (WAL) plaques resulting were within the same order of magnitude (Tables 2 and 4) .
It can be shown that ST DNA rendered non-infectious by limited fragmentation interferes with plaque formation; however, its interfering activity was lower by at least 1 log10 than that of DI progeny DNA (Fig. 2, Table 3 and 5). This proves the interfering capacity of DI DNA to be characteristic of this DNA species.
The efficiency of the interference exerted by DI DNA can be estimated from the data in Fig.  2 : interference is clearly demonstrated at a 10-fold excess of ST over DI DNA. The high interfering capacity of DI DNA is reminiscent of the excess of interfering virus particles over infectious particles that had been found for HP virus stocks derived from HSV-1 ANG (Schr6der & Urbaczka, 1978) . In contrast to the latter case, where it had been possible to relate interference to the interaction of single virus particles with individual cells it is not possible to relate the data obtained in transfection experiments directly to the action of single genomes.
In most co-transfections described in this study, infectious and interfering DNA molecules are co-precipitated by the calcium phosphate technique so that both are delivered to the same cell. Recently, Loyter et al. (1982) have shown that CaPO4-DNA complexes are taken up into the cytoplasm by virtually all recipient cells. However, only 1 to 5 % of the cells were shown to have detectable CaPO4 complexes within the nuclei. Free foreign DNA, however, was demonstrated by other authors to be present in a rather large fraction of nuclei (50% or even more) following transfection (Farber et al., 1975; Groneberg et al., 1975; Marciano-Cabral et al., 1981) . The fact that only a small proportion of tissue culture cells can be infected by HSV DNA could be explained by degradation of the transfecting DNA. On the basis of our data on the interfering capacity of sheared DI DNA (Table 3) we can suggest that, if degradation within the recipient cells occurs, this would affect the infectivity of standard genomes rather than the interfering capacity of DI genomes.
A recombination-like process as a basis for virus interference has already been suggested for pseudorabies by Ben-Porat & Kaplan (1975) who found a high frequency of 'recombination by breakage' in DI virus-infected cells. The existence of recombinant DNA molecules consisting of repetitive DNA covalently linked to non-defective DNA has been reported for several herpesviruses (Rubenstein & Kaplan, 1975; Frenkel et al., 1975; Fleckenstein et al., 1975) . Such molecules could originate in every new round of replication in serial passages of virus-containing defective particles and become encapsidated into progeny virus. The basis for interference would then be the generation of non-infectious genomes via a recombination-like process between interfering and infectious genomes. If these newly generated molecules themselves are capable of causing interference, this would help to explain the rapid periodic increase of interfering particles observed during high-multiplicity passages.
As shown in mixed and separate precipitation experiments (Table 4) , maximum interfering capacity of DI DNA depends on co-precipitation with ST DNA, a condition that assures the physical proximity of infectious and interfering DNA molecules. This is consistent with a recombination-type interference but certainly does not exclude other mechanisms of interference. More direct evidence for a recombination-like mechanism is provided by the partial reversal by intact and XbaI-inactivated ST DNA of the interference exerted by DI DNA (Table  2 and 5). Possibly, the inactivated ST DNA recombines with interfering genomes and thus reduces the recombination frequency between infectious and interfering genomes, but once again other mechanisms are not excluded.
The postulation of interfering molecules of high complexity partly rests on the finding (Schr6der et al., 1975/76; Stegmann et al., 1978) that, in HSV-1 ANG, the proportion of defective genomes of the reiterated type cannot be correlated with the interfering capacity of HP virus stocks. The kinetics of the appearance of reiterated defective genomes during serial passage of the virus differs greatly from that of the build-up of the interfering capacity. The problem of identifying interfering genomes could be resolved if heterogeneous genomes of the recombinant type constitute a major fraction of the population of interfering genomes.
